This study focused on simulated glacier surface conditions (simulated Surface Melt and liquid Precipitation available for supra-, en-, sub-, and proglacial flow processes [after vertical percolation and potential storage within the snowpack] [henceforth SMP]), internal water storage and release, and runoff from the Kangerlussuaq drainage area of the Greenland Ice Sheet (GrIS), West Greenland, for the period 2006/2007 to 2007/2008. GrIS winter accumulation and summer ablation processes, including SMP, was simulated on both daily and hourly time steps. Using hourly meteorological driving data produced more realistic meteorological conditions instead of daily-averaged data, in relation to snow and melt threshold surface processes, and produced 9-17% higher annual cumulative SMP. The difference between simulated SMP and observed catchment runoff showed a decreasing lag time through the summer, and a drainage system storage buildup through approximately June and early July of up to 0. 
Introduction
The Greenland Ice Sheet (GrIS), from a hydrological perspective, is a reservoir of freshwater stored in the form of ice. On the GrIS, a response to climate change has already been observed in different ways by an accelerating surface melt extent, mass loss, and freshwater runoff (Janssens and Huybrechts, 2000; Zwally et al., 2002; Johannessen et al., 2005; Box et al., 2006; Fettweis, 2007; Mernild et al., , 2011 Steffen et al., 2008; Ettema et al., 2009; Hanna et al., 2009; Van den Broeke et al., 2009; Fettweis et al., 2011) . In spite of the need for information about GrIS freshwater runoff, only a few high-resolution runoff observations are available of water exiting the GrIS (Mernild and Hasholt, 2009) . This measurement gap is particularly notable in the context of observed variations in snow and ice sheet surface melt, and possible changes in runoff storage and release by internal deformation of the GrIS drainage system (Stenborg, 1970; Jansson et al., 2003; Pimentel and Flowers, 2011) . Further, such runoff observations represent an integrated response of the upstream watershed to precipitation and other hydrometeorological processes, and are required to estimate the impact of catchment runoff on the arctic marine ecosystem and for obtaining knowledge about the onset, duration, and intensity of runoff and hydrological response throughout the year. High-resolution runoff observations are also useful, for example, to support model simulations of freshwater resource availability, for defining controls on global eustatic sea level rise, and for quantifying runoff effects on modifying ocean salinity (Dowdeswell et al., 1997; ACIA, 2005; IPCC, 2007) . Such high-resolution runoff observations have been maintained at the Kangerlussuaq (Søndre Strømfjord) outlet, West Greenland, since June 2007, providing information on stage and runoff from a sector of the GrIS (Mernild and Hasholt, 2009) . The Kangerlussuaq outlet is one of only a few locations for observing GrIS runoff because of the stable bedrock cross sections.
Modeling the GrIS surface mass balance (SMB) is relatively well understood and documented in several studies (Fettweis, 2007; Hanna et al., 2007; Ettema et al., 2009 , Mernild et al., 2009a . The mechanisms that connect climate, the GrIS SMB, ice dynamics, and internal ice sheet hydrology, e.g., routing and storage of meltwater and liquid precipitation through glacier ice, and transforming the input contributions into a runoff hydrograph at the ice sheet terminus based on seasonal changes in hydrological response and delay, are still weakly understood (Parizek and Alley, 2004; Lemke et al., 2007; van den Broeke et al., 2008a; Nick et al., 2009) . In spite of this, there is growing recognition that accurate representations of SMB, internal drainage and storage, and flow processes are essential to realistically assess the impact of climate changes on the GrIS and its runoff. Simple and crude conceptual runoff models have described glaciers as porous media and as a system of linear reservoirs, with different storage properties (e.g., Campbell and Rasmussen, 1973; Jansson et al., 2003; Mernild and Hasholt, 2006) . With the purpose of simulating runoff from glacierized basins, these models omit many of the key physical processes.
The goal of this study is to apply a well-tested, state-of-the-art surface modeling system-SnowModel (Liston and Elder, 2006a; Mernild et al., 2006a) -to the Kangerlussuaq region, West Greenland, to improve our quantitative understanding of the Kangerlussuaq drainage area water balance components, storage, and changes. Therefore, simulated SMP (Surface Melt and liquid Precipitation available for glacial flow [after vertical percolation and potential storage within the snowpack] and terrestrial flow Arctic, Antarctic, and Alpine Research, Vol. 44, No. 1, 2012, pp. 83-94 processes) values were compared with observational runoff data sets at the catchment outlet. Winter processes related to snow accumulation, snow redistribution by wind, and snow sublimation and summer processes related to sublimation, evaporation, and melt were simulated based on meteorological station data both on and outside the GrIS. SnowModel routines were tested against independent GrIS snow depth and catchment-outlet runoff observations. The model simulations were performed both on daily and hourly time steps for the 2-year observation period (2006/2007 through 2007/2008) . In order to achieve these objectives: (1) the differences in simulated SMP were shown based on daily and hourly time steps, to indicate the variation in dailyaveraged and hourly high-resolution outputs; (2) modeled SMP were compared with available independent observational runoff data sets at the catchment outlet to illustrate and quantify seasonal freshwater storage and storage release within the flow system, and changes in lag time during the melt season; and (3) satellite-derived GrIS surface melt extent was compared with modeled SMP, to illustrate whether an annual change in GrIS melt extent equals an annual change in Kangerlussuaq SMP.
Study Area
The Kangerlussuaq drainage area (6130 km 2 ) is located on the west coast of Greenland (67uN latitude, 50uW longitude) (Fig. 1, part a) and provides drainage for a sector of the GrIS. The runoff measurement site is located at the bottom of the Kangerlussuaq Fjord, an average of 22 km downstream from the terminus of the Russell Glacier (Fig. 1) .
The simulated Kangerlussuaq region (21,250 km 2 ) ( Fig. 1 ) covers the western part of the GrIS (14,780 km 2 ) and 6470 km 2 of the proglacial landscape. The simulation area is characterized by elevations that range from sea level to ,1800 m a.s.l. (Fig. 1, part  b) . The land cover is dominated by glacier ice (88%) in the upper parts of the terrain, and bare bedrock/vegetation and river valleys (12%) in the lower parts of the drainage area (Fig. 1 , part c).
Four meteorological stations are located within the simulation domain, with three of them on the GrIS (Fig. 1, part ; 1020 m a.s.l.), and S9 (67u039N, 48u149W; 1520 m a.s.l.) are all part of the K-transect located on the ice sheet, and representative of GrIS conditions. The mean equilibrium line altitude (ELA; defined as the spatially averaged elevation of the equilibrium line, defined as the set of points on the glacier surface where the net mass balance is zero) is ,1530 m a.s.l., located near Station S9 (van de Wal et al., 2005; van den Broeke et al., 2008b) .
The mean annual observed air temperature for the Kangerlussuaq simulation domain (2006/2007-2007/2008 ) was 26.7 uC. Mean annual relative humidity was 66%, and mean annual wind speed was 4.4 m s
21
. The corrected mean total annual precipitation (TAP) for the region was 234 mm w.e. y 21 (corrected after Allerup et al., 1998 Allerup et al., , 2000 . Observed runoff from May through September varied from 1. 
Method

SNOWMODEL DESCRIPTION
SnowModel (Liston and Elder, 2006a; Mernild et al., 2006a ) is a spatially distributed snow-evolution modeling system designed for landscapes where snow and glaciers are present. It is an aggregation of five submodels: MicroMet (Liston and Elder, 2006b) , EnBal (Liston, 1995; Liston et al., 1999) , SnowPack (Liston and Hall, 1995) , SnowTran-3D (Liston and Sturm, 1998, 2002; , and SnowAssim . MicroMet defines meteorological conditions; EnBal calculates the surface energy balance; SnowPack simulates snow depth, water-equivalent evolution, including water percolation when the saturated snow density is reached. If the snow temperature is below freezing, any liquid water/percolation refreezes and is stored in the snow (in SnowModel the term 'runoff' has previously been used when water flows from the bottom of the snowpack into the supra-, en-, and subglacial or to the proglacial drainage system (conceptual figures of possible flow paths are illustrated in Figure 2 both for the beginning and the end of the ablation period). Here, the term 'SMP' (Surface Melt and liquid Precipitation available for glacial flow (after vertical percolation and potential storage within the snowpack) and terrestrial flow processes) is used instead; SnowTran-3D simulates snow redistribution by wind; and SnowAssim assimilates available snow observations to generate simulated snow distributions which are equivalent to measured distributions. SnowModel was originally developed for snow landscapes. It was afterwards modified by Mernild et al. (2006a) for glacier landscapes to simulate glacier SMB, including glacier-ice melt, and further by to simulate variable snow albedo (for an overall description of SnowModel, its submodels, and modifications-the physics of the systems-see e.g., , and and references therein). SnowModel is a surface model simulating first-order effects of variations and changes in atmospheric forcing; therefore, routines for glacio-dynamic and glacio-sliding routines are not included in the calculations. Consequently, SnowModel does not include changes in the GrIS area, elevation, and size, or melting from geothermal heating. Further, SnowModel is not dealing with meltwater routing, like horizontal flow processes at the base of the snowpack, and over the bare ice surface when the snowpack has ablated, nor possible en-, sub-, and pro-glacial flow processes. The evolution of the internal drainage system was also not included in the simulations, even though in the natural system it does influence the outlet hydrograph and the cumulative runoff.
SNOWMODEL INPUT
Spatially distributed fields of surface topography and land cover, and temporally distributed point meteorological data are required as input for SnowModel. Meteorological data of air temperature, relative humidity, wind speed, wind direction, and precipitation were obtained from all four meteorological tower stations located within the domain for both 2006/2007 and 2007/ 2008 . The simulations span the 2-year runoff observation period 1 September 2006 through 31 August 2008 (approximately following the annual GrIS mass-balance year from September through August), and were performed on both daily and hourly time steps. Air temperature observations from S5, S6, and S9 provided mean monthly lapse rates. A variation in monthly temperature lapse rate occurred from 28.6 uC km 21 in October to 24.6 uC km 21 in July (Table 2 ). The mean annual Kangerlussuaq GrIS lapse rate of 26.7 uC km 21 was slightly higher than the average western GrIS lapse rate of 27.8 uC km 21 determined by Steffen and Box (2001) .
Solid and liquid precipitation measurements at the DMI meteorological station (Fig. 1 , part c; Table 1 ) were calculated from Helman-Nipher shield observations corrected according to Allerup et al. (1998 Allerup et al. ( , 2000 : since precipitation gauges underestimate solid and liquid precipitation due to aerodynamic errors, corrections are needed (e.g., Yang et al, 1998) .
Spatially distributed fields of surface topography were provided by Bamber et al. (2001) , with image-derived corrections of Scambos and Haran (2002) , and aggregated (in a Geographical Information System [GIS]) from the original 625 m grid-cell digital elevation model (DEM) to a 500 m grid-cell DEM covering a 128 3 166 km simulation domain (21,250 km 2 ; the Kangerlussuaq region) (Fig. 1, part b) . The GrIS terminus was estimated using satellite images (Google Earth, Image 2009). Each grid cell within the domain was assigned a U.S. Geological Survey Land Use/Land Cover System class according to the North American Land Cover Characteristics Database, Version 2.0. The user-defined SnowModel constants have already been described in Mernild et al. (2009b) (see also Liston and Sturm [1998] for parameter definitions).
SNOWMODEL CALIBRATION, VALIDATION, AND UNCERTAINTY
In order to assess the performance of SnowModel, simulated meteorological distributions, snow depths, snow and ice surface melt, and glacier mass balance were tested against independent observations not used in SnowModel. Distributed MicroMet modeled data have been compared against meteorological station data both on and outside the GrIS; verification of MicroMet simulated meteorological data indicate substantial correlation with independent observed meteorological data . Accumulation and ablation values simulated in SnowModel were tested using independent observations of snow pit depths; glacier mass balances; photographic time lapses; and satellite images also from in and outside the GrIS (e.g., Mernild et al., 2009b , indicating an error of 10-25% between simulated and observed values.
For this Kangerlussuaq study, the end-of-winter (31 May, also recognized as the end of the accumulation period) simulated snow depth was compared with Station S9 observed point snow depth (provided by , and the simulated cumulative summer (June through August) SMP were compared Meteorological input data for the Kangerlussuaq SnowModel simulations. Meteorological station data on the GrIS (S5, S6, and S9) were provided by the Utrecht University, and coastal meteorological station data (K; Kangerlussuaq) by the Danish Meteorological Institute (DMI). For further information about the S-stations, see, e.g., van den Broeke et al. (2008a) . The abbreviations for the meteorological parameters are: Tair (air temperature), Rh (relative humidity), Ws (wind speed), Wd (wind direction), and Pc (corrected precipitation (after Allerup et al., 1998 Allerup et al., , 2000 . FIGURE 2. (a) A conceptual cross-section figure of the lower part of the Greenland Ice Sheet (GrIS) margin and the proglacial landscape at the beginning and at the end of the ablation period; and (b) the possible hydrological flow paths for simulated Surface Melt and liquid Precipitation (SMP) both at the beginning and at the end of the ablation period. The arrows indicate hydrometeorological and hydrological processes (surface melt, rain, and river flow) and different theoretical supra-, en-, sub-, and proglacial freshwater flow directions. Also illustrated is the location of a hydrometric station downstream the GrIS in the proglacial landscape (modified after Röthlisberger and Lang, 1987; Jansson et al., 2003; Mernild et al., 2006b ).
with observed catchment-outlet runoff entering directly into the Kangerlussuaq Fjord (Fig. 1, part c) . The Station S9 point snow depth was measured on 31 May and used to verify the SnowModel simulated snow depth (simulated based on the 500 m grid-cell) ( Table 3) (Table 3) compared to the Station S9 observed point snow depth. These uncertainties are expected to be due to uncertainties associated with: (1) model inputs, especially solid precipitation, which is difficult to measure precisely in windy environments because of aerodynamic errors at the precipitation gauging station (e.g., Yang et al., 1998; Liston and Sturm, 2002, 2004; Serreze and Barry, 2005) , and variations in precipitation conditions between the proglacial Kangerlussuaq measured precipitation and GrIS observed snow depth; (2) unrepresented or poorly represented processes in SnowModel, together with the use of a 500 m grid-cell DEM; and (3) uncertainties related to point snow depth observations. To correct these deficiencies, the iterative snow adjustment routines from SnowAssim were used and yielded a final simulated Station S9 snow depth on 31 May that was within the stop criterion for the iterations (1% ; Table 3 ) (for additional information on the iterative snow adjustment routine, see e.g., Mernild et al., 2006a; . -value for the 5-day/120-hour back-running average was 0.52 (Fig. 5, part d) . A higher r 2 -value occurred for hourly simulations than for daily simulations, because high-resolution time step simulations produced more realistic meteorological and surface melt conditions than the daily-averaged data, in relation to snow and melt threshold surface processes and delay processes in the snow.
Results and Discussion
HOURLY AND DAILY SIMULATIONS
In contrast to hourly simulations, threshold processes like blowing snow, snowmelt, ice-melt, and meltwater flow through the snowpack may not be realistically represented by the smoothed atmospheric forcing conditions used in daily time step simulations. Mean monthly air temperature lapse rates for the GrIS Kangerlussuaq area, based on data from the transect between the meteorological stations S5 (490 m a.s.l.), S6 (1020 m a.s.l.), and S9 (1520 m a.s.l.) . See Figure 1 , part c, for meteorological station locations and Table 1 TABLE 3 Observed and modeled snow depth for Station S9 at the end of winter (31 May; recognized as the end of the accumulation period) (for station specifications, see Fig. 1 , part c, and modeled SMP values; and (2) ) originated from the glacier ice. The use of less smoothed meteorological input data-hourly data instead of daily-averaged-indicated more realistic meteorological conditions related to threshold surface processes and a relatively higher annual cumulative SMP, a difference found to be between 9 and 17%. Table 6 ). The difference between Period I and III is equal to the storage buildup or release in Period II, in a simple mass balance approach. Also, for the simulations on hourly basis, a seasonal freshwater storage occurred from approximately June through July (Period I), and a storage release from approximately end of July through August (Period III) (Fig. 5, parts c and d) . For the hourly time step case, the division of the time series seems more simple (Fig. 5, parts c and d) , however only indicating a storage buildup for the first half of the melting period, and storage release for the second half. The seasonal delay-the temporary storage buildup and release-of freshwater from Kangerlussuaq is typical for glacierized basins: a delay due to changes in hydrological response related to the GrIS drainage properties. On a monthly scale, for 2007 the lag time varied over the summer season from 2 days in June to 0 days (for both daily and hourly simulations) in August (Table 7) , overall indicating a decreasing lag time through the melt period. Also, for 2008 the lag time varied over the melt season from 1 day to 0 days (for both daily and hourly simulations) ( Table 7) . It is expected that a decrease in lag time occurred, due to both an overall more efficient internal drainage system throughout the season, and the seasonal amount of water stored and released within the system. . Melt extent reduction in the broad GrIS perspective seemed to occur simultaneously with reduction in simulated SMP for the Kangerlussuaq drainage area.
STORAGE BUILDUP AND RELEASE, AND LAG TIME
Therefore, it is expected that the reduction in annual simulated SMP of 30% might be explained by variations in local meteorological conditions. This explanation is based on meteorological records (June through August) from Station K (the only station in the catchment where both air temperature and precipitation are observed), which show a surprisingly similar mean summer temperature for the 2 years of 10.5 uC and 10.3 uC, but a more pronounced difference in precipitation. Visual observations indicate that outlet runoff normally starts around mid/late April, approximately 2-3 weeks before simulated SMP, and stops in late September to mid-October, which is in accordance with simulations.
In the beginning of the melt period (April and May), simulated surface melt was dominated by snowmelt, while later in the melt season (mid-July and August), when the snow cover was largely gone, simulated surface melt was controlled by GrIS glacier-ice melt. But when a snowpack was present, SnowPack calculated internal refreezing and retention when surface meltwater penetrates the snow. Not including these routines would lead to: (1) an earlier simulated SMP by up to 81 days for Kangerlussuaq; and (2) an overestimation of the simulated SMP amount to the Kangerlussuaq Fjord by up to 65%. This simulated value is below the previous values estimated for the Jakobshavn drainage area, averaging 80% , and above the Simulated freshwater storage buildup (Period I) and storage release (Period III) for the Kangerlussuaq drainage area (daily time step). For a division of the periods see Figures 3, part b, and 4 , part b. entire GrIS of approximately 25%, estimated by Janssens and Huybrechts' (2000) single-layer snowpack model (used, e.g., by Hanna et al., 2008) , and of 19-27% by .
SNOWMODEL IMPROVEMENTS
SnowModel does not yet include a grid-distributed routing and temporary storage tool for the GrIS and proglacial landscape hydrology. These features clearly play important roles in controlling the flow pattern from the GrIS. Water movement in and under a glacier is intrinsically complex and not well understood, because it involves water (the liquid phase) moving through the ice (solid phase) at the melting temperature, all while the ice is sliding and deformable and allowing englacial conduits to change size and shape. To improve our SnowModel GrIS simulations, a routing model-a submodel named HydroFlow-will be developed to simulate, e.g., individual drainage basins, flow network, and runoff hydrographs at catchment outlets. Figure 5 (parts c and d) includes an observed short-lived jö kulhlaup event in 2007 and 2008, both on 31 August. While it is clear that such observed releases of water occurred on the GrIS and certainly influenced general runoff and peak event timing and magnitudes, HydroFlow will unfortunately not account for such sudden releases of water storage.
Summary and Conclusion
This study presents daily and hourly SMP simulations from a sector of the GrIS-the Kangerlussuaq drainage area-for the period 2006/2007 and 2007/2008 . This simulated GrIS series yielded insights into the present conditions and the variability of SMP, lag time, and storage buildup and storage release for Kangerlussuaq. There is an acceptable degree of agreement between the simulated SMP and the observed runoff, both indicating decreasing values from 2006/2007 to 2007/2008 , strongly influenced by climate conditions. Understanding the GrIS SMP, the storage buildup and storage release, and the hydrologic response (lag time) is far from complete. Thus, initial SMP simulations from Kangerlussuaq have helped to fill the gap to understand the challenges by modeling the GrIS freshwater routing (through snow, firn, and ice) and its temporary seasonal storage and release due to dynamic processes and deformation of the internal drainage system.
